Coupling losses for all-fiber integration of subwavelength core hybrid optical fibers have been first analyzed and optimized in detail. We have taken into account the effects of mode size, mode shape, effective refractive index, tapering beat length, interface, and endface reflections on the coupling loss. By optimizing parameters such as the subwavelength core diameter, single mode condition, and transition length, the coupling losses can be reduced. In addition, the influence of the core fabrication and misalignment tolerances have been explored. The results will benefit the all-fiber integration of hybrid optical fibers and their nanoengineering realization.
Analysis of Coupling Losses for All-Fiber Integration of Subwavelength Core Hybrid
Optical Fibers
Introduction
Subwavelength-Scale optical waveguides and devices have attracted intense interest for their unique optical properties, enhanced optical functions, increased device miniaturization and integration. In planar waveguides various ultra-compact devices have been developed such as subwavelength photonic circuits [1] , [2] , plasmonics devices [3] , on-chip nanotapers [4] , and subwavelength gratings [5] , [6] , offering significant benefits for a wide range of applications. Low-loss coupling for planar silicon nanophotonic devices has been widely investigated, which is critical for practical applications [4] , [7] , [8] . Another type of subwavelength optical device is based on optical fibers. These fibers can have subwavelength core diameters over macroscopic length scales, spanning millimeter to kilometer ranges, to provide a specific link between their macroscopic and microscopic features. Thus these subwavelength fiber waveguides possess the advantages of subwavelength structures and long interaction length simultaneously. The most distinguished subwavelength fiber waveguide examples are probably the micro/nanofibers (MNFs) and the nonlinear photonic crystal fibers (PCFs). MNFs are air-clad optical fibers with glass core diameters on a micro/nano-scale [9] . They have many advantages such as excellent mechanical flexibilities, tight optical confinement, large fractional evanescent fields, abnormal waveguide dispersion and low power consumption, which makes them idea waveguides for optical micro-device fabrication, light manipulation and low-loss connection [9] , [10] . Different applications based on MNFs have been developed such as micro-resonators [11] - [13] , optical tweezers [14] and plasmonic nanowire coupling [10] . Another successful example is the highly nonlinear PCFs, which also have small micrometer sized-cores and high air-fraction microstructured claddings, and thus have been widely used in commercial supercontinuum generation and other nonlinear applications [15] - [19] .
The material mainly used to fabricate MNFs and nonlinear PCFs is fused silica. However, inspired by the great success of these silica fiber waveguides, there has been recent interest in exploring other materials in the fiber geometry to broaden the light transmission windows and access new functionalities [18] - [20] . Recently, hybrid optical fibers (HOFs) [21] , [22] that incorporate materials such as semiconductors [23] , [24] , soft-glasses [19] , and nonlinear liquids [25] - [27] have been investigated intensely. These HOFs generally have a solid or microstructured silica cladding with the new material incorporated in the core, with the most common materials for each fiber type being silicon, chalcogenide glasses and carbon disulfide, respectively. The incorporation of these new materials can overcome some of the limitations of silica, with fruitful applications in areas such as mid-infrared power generation and delivery [18] , [28] , broadband supercontinuum generation [28] , [29] , Raman amplification [25] , all-optical modulation [30] , and ultrafast all-optical switches [31] . Because the refractive indices of core materials are much higher than that of the silica cladding, to maintain single mode, or even few mode operation, the HOF generally has a small core in the wavelength or subwavelength scale. This has advantages for nonlinear applications due to the reduced effective mode area, but presents significant challenges in terms of low loss fiber fabrication and coupling.
Precise fabrication is a key challenge for the small-core HOFs. With improved drawing techniques and advanced infiltration approaches, HOFs have been manufactured via a variety of methods such as high pressure chemical vapor deposition [32] , molten core fiber drawing [24] , [33] , powder-in-tube drawing [34] , aluminum rod-in-tube drawing [35] , capillary force filling [36] , and pressure-assisted melt-filling [37] . Different post-processing methods have also been proposed to improve their optical qualities [38] , [39] . However, in general it is not easy to draw small core HOFs because of distinct differences in the melting temperatures and material incompatibility, and thus tapering techniques have been investigated to decrease the core diameter and improve the material properties in such fibers [38] . Although significant progress has been made in the fabrication and optimization of these HOFs, there is still room for improvement, especially for the semiconductor-core optical fibers where the propagation losses are relatively high compared with single crystal semiconductor planar waveguides [39] .
The second major challenge for small-core HOF applications is all-fiber integration. It is crucial to achieve a low loss robust connection or splicing with standard single mode fibers (SMFs) to avoid bulky lens coupling. The high interface reflection of the HOF and the large mode mismatching are the main hurdles to obtaining low loss all-fiber connection, and the effects of fabrication tolerances and alignment error have not been fully considered. Several coupling experiments have been carried out on small core HOFs [25] , [40] , [41] . Coupling light into the HOF with a tapered subwavelength core, or nanospike as it has been termed, is a promising technique [18] , [40] , [41] . For example, free space coupling through a nanospike was used for a chalcogenide HOF with the core diameter of 0.183 μm to decrease the interface reflection and laser damage [40] , resulting in a coupling loss of 2.2 dB. Using a similar method, the all-fiber coupling loss was around 4 dB between a SMF and a silicon HOF with a core diameter of 1.1 μm [41] . The coupling loss between a carbon disulfide HOF with a core diameter of 1.75 μm and a SMF was also found to be around 40% [25] . Clearly, Fig. 1 . Schematic diagrams of splicing between a SMF and a HOF using techniques of (a) large taper structure, and (b) subwavelength-core taper structure.
in all these cases the connection losses between small core HOFs and standard SMFs were high and the fabrication tolerances were not discussed. Thus, progress in this area has been impeded by a lack of an optimized design, nanoengineering characterization and analysis.
In this paper, we have optimized the parameters of HOFs for low-loss integration of HOFs and SMFs using a subwavelength tapered core approach, and analyzed the effects of the fabrication tolerances and alignment errors in detail. The mode properties of various HOFs were characterized and the optimized parameters for mode matching between different types of HOFs and SMFs were investigated using a full-vector finite element method. Specifically, tolerances of the tapered core (or spike) diameter deviation, the lateral misalignment error, optimized tapered transition length and the specific interface reflection have been fully considered. Thus this work provides the optimized intervals of the key parameters, which could guide the HOF design and accelerate the progress of low loss all-fiber HOF integration.
Optimized Interface Coupling Loss
For the small core HOFs, two different approaches can be used to reduce the coupling loss between HOFs and conventional SMFs in principle, as shown in Fig. 1 . One approach is to use a large taper ( Fig. 1(a) ) to match the SMF, however, the high index core material and large core diameter will cause high interface reflection loss and multimode coupling loss. The other approach is to use a subwavelength tapered core structure, which can improve the mode matching, decrease the interface reflection and allow for efficient fundamental mode conversion at the joint. Thus we only consider the latter approach to optimize the coupling efficiency. The interface coupling loss between the SMF and the HOF nanospike is then calculated.
The interface coupling loss between a SMF and a tapered HOF nanospike shown in Fig. 1 (b) can be calculated using a full vector method [42] , [43] , The equations are described in terms of the normalized vector electric field E i and magnetic field H i of the HE 11 mode of the SMF, and the corresponding fields E t and H t of the subwavelength core HOF. The calculated modes are normalized to carry 1 W power,
where A is the cross-sectional area of the fiber. The field transmission (t) and reflection (r) coefficients can be expressed as
The power transmission (T), reflection (R), and coupling loss (L) are given by
This full-vector numerical method takes into account important factors such as the mode field diameter (MFD), mode shape and the Fresnel reflection between two fiber interfaces [42] , [43] . All these factors are critical in determining the coupling loss. To verify our approach, we used this method to obtain the previous simulation results in Ref. [43] .
Another approximate equation to calculate the coupling loss can be expressed as below [44] , [45] :
where ω 1 and ω 2 are the MFD of the SMF and the tapered HOF at the joint interface. This simple method is widely used to estimate the fiber coupling loss due to the mode field mismatch, but it neglects reflections losses and mode shapes. For a Gaussian-like mode, the MFD is the separation between the two points where the intensity of power is 1/e 2 of the maximum power. Since the intensity distribution of the HOF at subwavelength scale is not a Gaussian-like shape, the MFD should be given by [46] :
The coupling losses and MFDs of different types of HOFs are then calculated using the full-vector method. Refractive indices of Si, As 2 S 3 and CS 2 core materials at the wavelength of 1550 nm are 3.475, 2.437, and 1.588, respectively [47] - [49] , and the refractive index of the silica cladding is 1.444. The core diameter of Corning SMF28 is 8.2 μm, the numerical aperture is 0.14 at telecoms waveguides, and the refractive index difference between core and cladding is 0.36%. The minimum coupling losses for the tapered HOF structures with Si, As 2 S 3 and CS 2 core materials are calculated to be 0.32 dB, 0.32 dB, and 0.31 dB, corresponding to nanospike diameters of 0.18 μm, 0.24 μm, and 0.62 μm, respectively. The MFDs at these diameters were calculated to be 11.8 μm, 11.9 μm and 11.7 μm, with the mode field pattern shown in Fig. 2(b)-(d) . The interface coupling losses as a function of the tapered HOF core diameters will be analyzed in more detail in part 4. It is not surprising that the minimum losses are not zero, which is mainly due to the difference in the mode shapes because the interface reflection is very low, as will be discussed in part 5. As we can see from Fig. 2(b)-(d) , the mode profile of a circular core of the HOF is not circular because of the abrupt dielectric discontinuity of high index contrast waveguide.
The boundary condition at a dielectric interface requires that the normal electrical displacement component should be continuous, thus making the normal electrical field discontinuous at the interface [50] . The y-polarized fundamental modes of the Si and CS 2 tapered HOFs, which match the MFD of a SMF, are illustrated in Fig. 3(a) and (c). It can be noticed that, although the intensity reduces quickly inside the core, it increases abruptly in the cladding region, by the ratio of n at the boundary. The discontinuity of the intensity profile along the Y axis is caused by the large discontinuity of the electrical field along the Y axis [49] . What's more, subwavelength core HOFs show azimuthal angle dependent profiles, i.e., the mode profiles in various azimuthal angles are different as shown in Fig. 3(b) and (d). Compared with a SMF28, where the mode profiles are identical in all azimuthal directions (Fig. 2(c) ), the mode profile of the subwavelength Si-core HOF is not continuous and the discontinuity is very different in various azimuthal directions. In the azimuthal angles of 0°, 30°, 60°and 90°, the intensity ratio of maximum power in the cladding and in the core are 2.36, 1.90, 1.13 and 0.96 respectively. For the CS 2 -core HOF, the intensity ratio of the maximum power in the cladding and in the core are 0.84, 0.80 and 0.74 in the azimuthal angles of 0°, 30°, 60°. It should be mentioned that although the mode profile of the subwavelength-core HOF is azimuthal angle dependent, the coupling is polarization independent.
Actually the coupling loss is quite low considering the difference in the mode profiles. Besides the contribution of the similar MFDs, the fact that the effective mode indices between the subwavelength tapered core HOFs and SMFs are also similar, helps to keep the losses down. The same effective mode index is an important factor for efficient mode coupling in fiber couplers and mode converters. We noticed that the effective mode indices of the small-core HOFs decrease sharply with the decrease of the core diameter shown in Fig. 4 , approaching the index of silica cladding when the core diameters are the optimized values.
Taper Transition
Optimized nanospikes at the HOFs interfaces could provide an elegant coupling solution to SMFs. However, as a smooth transition from the tip of the nanospike to the untapered HOF core is also important for low-loss coupling, a suitable tapering transition is essential. Here we only consider the transition lengths for coupling to small core HOFs that support single mode guidance. To be a single mode fiber waveguide, the core diameter of the HOF can be calculated by Equation (10) [51] :
Thus a single-mode HOF should have a much smaller core diameter than that of the normal SMF because of large refractive index contrast between the core and the cladding. The larger the index contrast, the smaller the core size to maintain single mode guidance. The single-mode conditions for Si, As 2 S 3 , and CS 2 core HOFs at wavelength of 1550 nm are 0.37 μm, 0.60 μm, and 1.80 μm, respectively. So the single mode HOF has a very small core, and the corresponding MFD is also quite tiny. For example, the MFDs of single-mode HOFs with 0.37 μm Si, 0.60 μm As 2 S 3 and 1.80 μm CS 2 cores are 0.42 μm, 0.68 μm, and 1.99 μm, respectively. To form a low loss transition, it is important to keep an adiabatic transition, thus the taper transition length should be much longer than the beat length (BL) [52] :
where β 1 and β 2 are propagation constants of fundamental mode in the HOF core and the cladding mode of the silica cladding, respectively. Fig. 5 shows the beat length curve as a function of the core diameter at 1550 nm. The beat length increases slowly for large core diameters, but rises steeply for smaller core diameters in the deep subwavelength range. For example, the beat lengths of the above single-mode HOFs are 1.83 μm, 3.35 μm, and 20.7 μm, respectively. For the Si, As 2 S 3 and CS 2 HOFs with nanospike tip dimensions of 0.18 μm, 0.24 μm, and 0.62 μm (as calculated in Section 2), the beat lengths are 2.12 mm, 1.42 mm, and 1.87 mm, respectively, so the transition length should be much larger than these values. For example, a smooth taper transition with the length of 5 mm could be used to achieve low loss transition for all these HOFs. This relatively long smooth taper can guarantee that light is well guided in the core, not coupled to the cladding modes. The results presented here offer a valuable reference for the fabrication of fiber-based coupling structures.
Core Size and Alignment Errors
In practical fiber tapering and connection processes, it is inevitable that errors will occur in the core size of the tapered HOF nanospike region as well as the lateral alignment between the HOFs and SMFs. These errors will affect the coupling loss significantly and care should be taken when analyzing the loss tolerances and carrying out practical operation. Fig. 6(a) shows the interface coupling loss between a SMF28 and a HOF nanospike as a function of the core diameter. The coupling loss first decreases and then increases when reducing the core diameter. The solid line represents results for the full-vector model. For the Si, As 2 S 3 and CS 2 core nanospike, the core diameters should be in the range of 0.185 ± 0.025 μm, 0.245 ± 0.035 μm and 0.67 ± 0.16 μm, respectively, to achieve losses less than 3 dB, and in the range of 0.18 ± 0.01 μm, 0.235 ± 0.015 μm, and 0.63 ± 0.07 μm to achieve losses less than 1 dB. We note that the higher the core refractive index, the smaller the optimized nanospike core, as these smaller cores support a larger expanded mode to facilitate mode matching with the SMF28. It is also apparent that the nanospike ends with higher index core materials have relatively smaller tolerance ranges for low loss coupling. This could be explained by the MFD variation with the core size. We can observe from Fig. 6(b) that the MFD varies more rapidly when it is close to the MFD of SMF28 in the case of the larger core index. It is also demonstrated in the U-shaped curves ( Fig. 6(a) ), the higher index contrast HOF has a narrower U-shaped curve with the core diameter variation. So any small error in the fabrication will affect the coupling loss significantly when the HOF nanospike has a higher index contrast structure. For example, the Si-core HOF has a core size tolerance of only ±0.01 μm to achieve a loss below 1 dB. On simply inspection of Fig. 6(a) it seems that the positive and negative errors in the minimum core size will cause the same loss if only the interface coupling is considered. However, we believe that the positive and negative tolerances will affect the coupling losses differently because the smaller core needs a longer taper length to achieve an adiabatic transition, especially for the core size in the subwavelength scale, which has a significantly increased beat length. As discussed in Section 3, the transition length of the taper is also critical for low loss coupling. For example, the beat lengths of Si-core nanospikes with core diameters of 0.17 μm and 0.19 μm are 6.6 mm and 0. 8 mm. It is obviously easier for the nanospike with a 0.19 μm sized core at the interface to achieve a low loss adiabatic transition, thus, in practice, a positive error will be preferred.
We also compared the accurate model and the approximate model in Fig. 6(a) . The dashed line represents the approximate MFD model. Although it is not as accurate as the full-vector model (solid lines), we find it can predict the optimized core diameter of the nanospike. The core diameters corresponding to the lowest coupling losses for Si, As 2 S 3 and CS 2 are 0.185, 0.24, 0.64 μm respectively, which matches well with the full-vector model. However, the approximate model could not be used to calculate the core size tolerance intervals of the HOF nanospikes, especially for the liquid core HOF because of distinct difference between the precise model and approximate model.
Lateral alignment errors will naturally occur in the process of splicing or connecting fibers, and these have been fully studied for traditional SMFs [53] . However, the coupling losses to HOFs related to the lateral offset have not yet been investigated. HOFs generally possess two incompatible materials with distinctly different melting temperatures, it is therefore not easy to undertake lowloss fusion splicing, and mechanical splicing is an alternative approach to achieve a compact and robust connection. As shown in Fig. 7 , the two fibers could be aligned and mechanically spliced in a tapered silica capillary [54] , and then assembly could be constructed using epoxy. This method has been utilized for all-fiber liquid-core HOFs. So the lateral alignment errors should be analyzed to identify fabrication and alignment accuracy. Fig. 8 shows coupling losses for the three types of HOFs as a function of lateral alignment errors for different core diameters. For Si, As 2 S 3 and CS 2 core HOFs with optimized core diameters, the lateral alignment errors are 2.48 μm, 2.36 μm, and 2.44 μm for 1 dB additional loss, respectively, and 4.37 μm, 4.12 μm, and 4.31 μm for 3 dB additional loss, respectively. These are comparable with the offset errors of the traditional SMF, 2.50 μm for 1 dB and 4.32 μm for 3 dB loss, respectively. Thus the conclusion of our investigation is that the SMF alignment techniques could be well applied to these HOFs with nanospikes at the interface. It is interesting to note that the sensitivity of misalignment declines when the core diameter is smaller than the optimized core diameter. We found the slopes of blue curves in Fig. 8 rise more slowly compared with other curves. This is because the mode area increases with decreasing core diameter. And as the mode area becomes larger, it tends to be less sensitive to lateral misalignment, although the mode mismatch increases. When the lateral offset increases to several micrometers, the coupling loss of smaller core is even less than that of the optimized condition. For example, the slope of the As 2 S 3 HOF with 0.22 μm core diameter as a function of the alignment error are more gentle compared with that of the 0.24 μm core HOF. When the lateral alignment error is larger than 3 μm, the coupling loss of the As 2 S 3 HOF with a core diameter of 0.22 μm is even smaller than that of the optimized-core HOF with the same lateral alignment error.
Interface and Endface Reflectivity
At the fiber endface, Fresnel reflection will contribute to the coupling loss and the specific reflection properties should be considered in many applications, for example in coupling between laser diodes and fibers. Endface reflection properties of subwavelength-core HOFs are distinctly different from traditional SMFs. When the core diameter is on the order of the wavelength scale, the primary contribution to the endface reflection is from the high index core, resulting in a high reflection loss. For example, the Fresnel reflection of the HOFs-air interface will be close to the bulk core materialair interface reflectivity, which is 30.6%, 17.5%, and 5.2%, respectively, for Si, As 2 S 3 and CS 2 core HOFs. However, when the core is in the subwavelength scale, the reflectivity of the HOFs strongly depends on the core diameter. Although it has been reported that the nanospike could reduce the Fresnel reflection at the HOF interface to a value approaching that of the silica cladding, the detailed optimization and analysis has not yet been investigated.
When optimized, the interface Fresnel reflection between a HOF nanospike and a SMF could actually approach zero, and thus be ignored when mode-matching is made. For instance, as shown in Fig. 9(a) , the interface reflectivity between the Si-core HOF and the SMF calculated by Equation (6) , is less than 10 −7 when the core size is 0.18 μm. However, an air-interface is sometimes inevitable in operation. As mentioned above, the mechanical splicing technique is an effective and robust way to couple light between a subwavelength core HOF and a SMF, especially suitable for liquid and soft-glass cores that have low melting points. When using this method, an air interface may occur between the two fibers during connecting [55] . Thus the air-HOF interface reflectivity has also been calculated via Equation (6) , as shown in Fig. 4(b) . Note, the accuracy of this model was confirmed by calculating the endface reflectivity of silica nanofibers, which agrees well with Wang et al. [56] . The Fresnel reflection at the air interface decreases with decreasing core diameters. A higher refractive index of the core material generally results in a larger endface Fresnel reflectivity. However, when the core diameter is optimized on a subwavelength scale, the reflectivity approaches 3.4% for all three types of HOFs, which is close to Fresnel reflectivity of bulk silica at air interface. When mechanically splicing the liquid-core HOFs, the interface will most likely be liquid, not air, to avoid evaporation [54] . Contrast to the air-HOF interface, the reflectivity of the liquid-HOF interface is slightly increased when the core diameter decreases. The interface reflectivity increases from 0.07% to 0.21% when the liquid-core diameter changes from 1.00 μm to 0.56 μm. This is because the smaller the liquid-core, the larger the difference between the effective index of the liquid-core HOF and the liquid. However, the reflectivity is still much smaller compare to that at the air-interface. It is interesting to note that another type of the nanospike, a fused silica nanospike, can be utilized to reduce the Fresnel back-reflection to negligible level [57] , which is also very useful for all-fiber optofluidic applications [57] , [58] .
Conclusion
We have proposed an all-fiber integration strategy for small-core HOFs incorporating high index materials such as Si, As 2 S 3 and CS 2 based on a tapered subwavelength-core approach. The effects of the MFD, mode shape, effective refractive index, tapering beat length, interface and endface reflections are all considered, and the optimized parameters such as subwavelength core diameter, single mode condition as well as the transition length have been explored. Furthermore, the core fabrication errors and misalignment tolerances have been discussed in detail. The fabrication tolerance of the subwavelength core is critical for the interface coupling loss, for example, the tolerance for the Si core HOF is only ±0.01 μm for 1 dB loss. Considering the required taper transition length, a positive error (i.e., larger core size) would be recommended. The lateral offset tolerance of the optimized subwavelength-core HOFs is comparable to that of SMFs, indicating that standard commercial connection techniques developed for SMFs could be applied to the HOFs structures. The optimized parameters and detailed analysis of the coupling loss of HOFs will benefit all-fiber integration of HOFs and promote their application in wide-ranging areas.
